Bentonite/iron oxide system is prepared by isothermal calcination of powder composed of bentonite clay and precursor containing ferric acetate. This preparation technique enables one to get the composite material directly, that is, iron oxide particles embedded in a bentonite matrix. Calcination temperature calc is varied from 320 ∘ C to 700 ∘ C. The resulting series of samples is characterized by local methods based on hyperfine interactions: 57 Fe nuclear magnetic resonance (NMR) and the Mössbauer spectroscopy. The results show that the phase composition changes significantly in dependence on calcination temperature. The amount of maghemite phase rapidly increases up to calc = 420 ∘ C and decreases abruptly for calc higher than 460 ∘ C.
Introduction
Magnetic or superparamagnetic iron oxide particles of submicron and nanoscale dimensions are successfully applied in biomedical and bioengineering applications [1] [2] [3] [4] . They are functional, for example, in magnetic resonance imaging (MRI) as contrast agents for diagnostic purposes, for location and tracking of labeled cell or in drug delivery studies. Maghemite ( -Fe 2 O 3 ) attached to the surface of the bentonite clay forms an efficient negative oral contrast agent for MRI diagnostics in gastroenterology [5] or should be used, for example, for magnetic separation of composite from the medium after sorption processes [6] . In this paper, we report on a bentonite/iron oxide sample series obtained by isothermal calcination of powder composed of bentonite and ferric acetate. The proposed technique enables to prepare directly the composite material of iron oxide particles embedded in a bentonite matrix preventing the particles from aggregation.
The prepared bentonite/iron oxide samples are characterized by two local methods based on hyperfine interactions: 57 Fe nuclear magnetic resonance (NMR) spectroscopy and the Mössbauer spectroscopy (MS). Both methods are sensitive to the iron ionic state and environments; however, they differ in sensitivity, resolution, evaluated parameters, accuracy, and certainly in experimental demands and laboriousness. The Mössbauer measurements become a standard method for monitoring of preparation processes of submicron and nanoscale maghemite and related iron oxides; see, for example, [7] [8] [9] . On the other hand, maghemite itself, though it is used in MRI, has been studied by NMR [10] [11] [12] [13] [14] only rarely.
Materials and Methods

Synthesis.
Powder composite samples were prepared by thermal decomposition of iron (II), (CH 3 CO 2 ) 2 Fe (Sigma Aldrich) in air. 1000 mg of (CH 3 CO 2 ) 2 Fe was mixed with 2000 mg of bentonite (Tamda-Fagron), and the mixture was homogenized in an agate mortar and then calcined for 1 hour at isothermal conditions at various temperatures calc from 320 ∘ C to 700 ∘ C. The calcinations were done in a porcelain crucible inside a muffle furnace LM 112.27 (Linn High Therm GmbH).
The Mössbauer Spectroscopy.
The room temperature 57 Fe Mössbauer spectra were collected in a zero external magnetic Transmission Transmission Figure 1 : Left: the room temperature 57 Fe Mössbauer spectra measured in zero external magnetic field, experiment (symbols), and fit (lines). Right: differences between the successive spectra. In both parts of the figure, positions of spectral lines in sextets of well-crystallized hematite and maghemite calculated from hyperfine parameters in [7] are marked by short vertical lines (red lines, hematite; green lines, maghemite).
field in the range (−10, +10) mm/s using a constant acceleration spectrometer with a 57 Co (Rh) source. The velocity scale was calibrated relative to 57 Fe in -Fe. The spectra were analyzed by the CONUSS software package [15] and in parallel by our purpose-made software.
Nuclear Magnetic Resonance.
The 57 Fe NMR spectra of all samples were recorded in a zero external field at 4.2 K using the pulse Bruker Avance spectrometer console. The measured sample was fixed in the copper coil of a tuned parallel resonant circuit and submerged in liquid helium. Additional NMR measurements of selected samples were done at room temperature.
A frequency-swept regime was employed with a step of 100 kHz. The following parameters were used in a spin echo sequence: pulse duration of 2 s and 4 s for the first and second pulse, respectively, time delay 23 s, repetition time ∼10 ms, and optimal amplitude of the radiofrequency field was found. In order to reach a sufficient signal/noise (S/N) ratio, 4096 scans were acquired at each frequency. To further increase S/N and verify the impact of nuclear spin-spin relaxation rate on spectral shape, the Carr-PurcellMeiboom-Gill (CPMG) multiecho pulse sequence [16] was applied where all generated echoes in the train were recorded, and coherent summation of selected echoes was done.
Time domain data obtained at each excitation frequency were transformed to frequency domain using fast Fourier transform (FFT), and the final spectrum was plotted as modules of Fourier transform at particular excitation frequencies.
Results and Discussion
The room temperature Mössbauer spectra of bentonite/iron oxide samples prepared by an annealing process at calcination temperatures ( calc ) 320, 340, 360, 380, 400, 420, 440, and 460 ∘ C are shown in Figure 1 together with the differences between the successive spectra in the series. Three spectral components can be resolved in the spectral set: a doublet and two sextets. The line positions of the sextets correspond to maghemite ( -Fe 2 O 3 ) and hematite ( -Fe 2 O 3 ) [7] . Figure 1 provides a qualitative view of the effect of the calcination temperature. First two samples (calcination at 320 and 340 ∘ C) exhibit paramagnetic behavior because a doublet component, representing according to its hyperfine parameters [17] amorphous Fe 2 O 3 , is dominant in their spectra. The other spectra bring out the samples to be a mixture of paramagnetic and magnetically ordered materials. It is evident that the doublet intensity decreases while the maghemite and then the hematite phases are formed when calc is increased.
Quantitative determination of the phase composition is complicated by the overlap of the spectral components, namely, of the doublet and the maghemite sextet which can be broadened by a hyperfine field distribution. In order to get proper quantitative evaluation of sample composition in dependence on calc , a suitable fitting model for spectral analysis is needed. To minimize the influence of systematic errors of particular models, we therefore employed three different decomposition procedures. The first and the second Journal of Nanomaterials approaches utilized the CONUSS package, while the third utilized our purpose-made software. In the first model, the doublet was reconstructed by a distribution of electric quadrupole interaction (quadrupole splitting) corresponding to amorphous Fe 2 O 3 , paramagnetic at the given temperature above the Curie point [17] . The maghemite phase formed during the annealing was associated with a spectral component featuring magnetic dipole interactions with Gaussian distribution of hyperfine magnetic field and very low or zero quadrupole splitting. For the samples prepared at temperature calc = 420 ∘ C and higher, the third spectral component was added which was identified according to its hyperfine parameters (magnetic splitting, isomer shift, and quadrupole splitting) as hematite.
The spectra with magnetite component exhibit asymmetric shape of sextet lines which can be easily seen for samples with calc = 420 and 440
This behavior is typically determined by the presence of 57 Fe nuclei in significantly lower magnetic hyperfine field and assigned to maghemite with not fully developed magnetic structure. The second model then accounted for a broad maghemite sextet, and for this purpose, the first model was amended by fourth component characterized by a large asymmetric distribution that gradually decreased at the side of low hyperfine fields.
The third analysis of the Mössbauer spectra was performed via decomposition into a set of a doublet and two sextets by using a least-square fit. The line shapes of the doublet and the hematite sextet were approximated by the Pearson VII functions. The maghemite spectrum was modelled as a superposition of contributions from 57 Fe nuclei in the tetrahedral (A) and octahedral (B) sites of spinel structure (with 3 : 5 intensity ratio and 0.14 mm/s difference of isomer 66  68  70  72  74  76 Intensity (a.u.)
Frequency (MHz)
T calc = 320 ∘ C Figure 3 : NMR spectra of 57 Fe (gyromagnetic ratio 1.38 MHz/T) in maghemite phase measured at 4.2 K in zero external magnetic field. Gray spectral area marks superposed signals from 57 Fe in A and B sites; left parts of the spectra belong to A sites, right part to B sites. (Black lines, the spectra evaluated from echoes 1-10 and normalized to equal areas; grey lines, spectra from echoes 1-21.) Maghemite signals of samples with calc = 600 ∘ C and 700 ∘ C were very weak due to negligible content of the phase; the latter spectrum is not shown.
shifts [7] ). The fit provided the hyperfine field distributions approximated by a sum of two Gaussian curves with different magnitudes, and the position of the lesser one corresponded to a hyperfine field lowered from 10 to 17% in respect to the main curve. The fitting procedure was primarily applied to the first and the last spectrum of the series and to the differences between subsequent spectra. The decompositions of the original spectra (except the first and the last one) were calculated afterwards. Results of this fit are shown in Figure 1 .
Results of the three analyses are slightly different but show similar dependence of the composition on the calcination temperature. The average values of the amorphous, maghemite, and hematite phases amounts are plotted in Our NMR measurements focused on the spectral region of 57 Fe resonance in maghemite phase and monitored spectral shape and intensity in dependence on calc from 320 ∘ C to 700 ∘ C. The spectra recorded at 4.2 K are shown in Figure 3 . The spectra evaluated from echoes 1-10 in comparison with those from echoes 1-21 help to estimate the impact of spinspin relaxation on the spectral shapes and intensities. The spectral shape is almost independent of the number of considered echoes; the nuclear spin-spin relaxation is slowest for calc 400-440 ∘ C.
It is known [10] that subspectra of 57 Fe in tetrahedral (A) and octahedral (B) sites in zero external field are partially overlapped, which is marked in Figure 3 . Maximal intensity of B line is at 73.4 MHz, and the spectrum of A sites exhibits characteristic features (with three local maxima at 70.50, 71.35, and 71.95 MHz) which become well resolved for calc from 400 to 460 ∘ C. This effect is most likely connected with higher degree of atomic/vacancy ordering in maghemite spinel structure. The maghemite signal intensity rapidly increases up to calc = 420 ∘ C, and then, its abrupt decrease appears for calc above 460 ∘ C. Evaluation of integral intensities of NMR spectra allowed us to compare the relative amounts of maghemite phase within the sample series. The obtained dependence is shown in Figure 4 .
For calc = 700 ∘ C, also 57 Fe NMR of hematite was measured at 4.2 K. The maximum of hematite spectrum appears at 73.5 MHz, in agreement with [18] . In this sample, the signals of hematite and maghemite were of comparable intensities. Separation of the signals was achieved due to difference in enhancement factors which resulted in different optimal excitation conditions: radiofrequency field needed for hematite was approximately an order stronger than that for maghemite (using the same pulse lengths). The hematite signal at 4.2 K in samples with higher content of maghemite (for lower calc ) was most likely buried in strong maghemite contribution. However, hematite signals were detected at room temperature at ∼71.1 MHz, and the spectral linewidths were of ∼0.2 MHz.
Conclusions
Composite bentonite/iron oxide samples were prepared by isothermal calcination of bentonite and precursor containing ferric acetate and were characterized by 57 Fe NMR and the Mössbauer spectroscopy. The dependence of the maghemite content on the calcination temperature monitored by both methods is in a reasonable agreement and shows maximum around calc = 420 ∘ C. Contents of other iron oxide phases are determined from the Mössbauer spectra, while NMR yields more details of hyperfine magnetic field distribution in well-ordered magnetite phase.
